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Introduction
The importance of the injection process in the global functioning of a direct injection Diesel engine is pivotal [1] [2] . Lot of studies have been performed in last decades in order to predict the behavior of the spray and various models have been introduced, either based on physical assumptions or simply interpolating experimental data [1] [3] [4] [5] [6] . Nowadays, one of the last challenges of the research is to employ CFD models to simulate break-up, evaporation and combustion processes of Diesel sprays [2] [7] [8] [9] : CFD simulations have shown great potential for studying the behavior of the spray, but until now experimental data are still required to adjust the predictions. Being the aim of CFD simulations to be predictive, the models employed are getting each time more detailed in terms of time and space discretization as well as in the physical description of the phenomena including turbulence simulations (LES and DNS) and more accurate descriptions of the fuel physical properties.
To match this effort, also the tests performed need to improve their accuracy, not only in the analysis of the results itself, but also in the definition of the boundary conditions. In this study, a set of experiments has been performed in a high temperature and high pressure test rig, capable of reaching 15 MPa ambient pressure and 1000 K ambient temperature. The large optical accesses and the wide test session allow studying the spray with high accuracy in a homogeneous temperature and nearly quiescent environment. In this work, different parameters have been varied: ambient temperature, ambient density and injection pressure; moreover, the effect of fuel temperature on the results has been studied. A special device to control the temperature of the injector body has been employed during the tests and the same test matrix has been repeated for three different coolant temperatures. In addition, the temperature along the injector axis has been measured using a thermo-couple fitted inside a "dummy" injector and conclusions about the relationship between fuel temperature at the orifice outlet and coolant temperature have been drawn.
In order to enable the comparison with a CFD simulation, a single-component fuel has been employed (ndodecane): in fact a wide amount of data about this fuel can be found in the literature [10] [11] .
The injector employed in this work is based on second generation Common-Rail and corresponds to the injector used in the ECN Working Group. As a matter of focusing the attention on the fundamental Payri, R., García-Oliver, J. M., Bardi, M., & Manin, J. (2012). Fuel temperature influence on diesel sprays in inert and reacting conditions. Applied Thermal Engineering, 35, [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] 2 behavior of the spray a single-hole axial nozzle has been used; the advantage of this kind of nozzle consists in injecting toward the chamber, eliminating both, the effects and the uncertainties related to the temperature boundary layer close to the walls and the spray-spray interaction. The nozzle internal geometry has been characterized by means of the silicon molding technique [12] , the results of this technique provide accurate measurement of the outlet orifice diameter of 0.089 mm with a k-factor of 2.1.
The parametric study performed, with a wide characterization (and variation) of test conditions means to be on one side, a contribution for CFD modelers as a reference for results sensitivity to numerous parameters, and, on the other side, a contribution for experimentalists as demonstration of the impact that injector temperature, not mentioned in most of the tests presented in the literature, can have on the final results.
This present document is divided into six sections including the present introduction; the second part will detail the experimental facility, the control system and the test matrix. After the facilities have been presented, the experimental methodology applied in the different tests is described, focusing on the image processing algorithm and criteria. The results both in non-reacting and in reacting atmosphere are shown in the fourth main section. Then, the results are analyzed and discussed with the support of various theoretical approaches. The general conclusions are detailed in the last section of this paper.
Experimental setup
As introduced earlier, the tests have been performed in a high temperature and high pressure test chamber where the thermo-dynamic conditions obtained in a Diesel engine at the time of injection can be obtained with maximum ambient temperature 1000 K and maximum pressure 15 MPa. There are several facilities in the world capable of performing alike [13] , but in this case it is possible to obtain in the test chamber nearly quiescent, and steady thermodynamic conditions. The testing section has three large optical accesses (128 mm in diameter) placed orthogonally in order to have a complete view of the injection event. A picture of the combustion chamber is included in Figure 1 .
The facility is basically composed of four parts: gas compressors, gas heaters, test vessel, control system. The gas, initially stored in high pressure reservoirs, flows continuously through the test chamber via volumetric compressors. Electrical heaters, placed upstream the test chamber, increase the temperature Payri, R., García-Oliver, J. M., Bardi, M., & Manin, J. (2012). Fuel temperature influence on diesel sprays in inert and reacting conditions. Applied Thermal Engineering, 35, [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] 3 of the flowing gas up to the selected temperature. The control system is a closed loop PID that adjusts both, the pressure in the chamber and the power of the heater to obtain in the chamber the test conditions required for the test. To improve the temperature homogeneity within the test chamber, the vessel has a double wall configuration: while the external walls have the structural function of supporting the pressure of the inner gas, the thinner internal walls are covered with an insulating layer, and have the function of reducing the heating of the outer shell. The internal walls are also heated by a secondary electrical resistance that surrounds the test chamber: the aim of this heater is to reduce the temperature inhomogeneities within the testing section.
The rig can work in open or closed circuit to test spray evolution either in a standard air atmosphere or with gas mixtures with different O 2 concentration. The chemical composition of the gas in the chamber is permanently measured and can be adjusted adding either air or nitrogen through a reintegration system.
The steady thermodynamic conditions within the chamber allows a better (and easier) control of the test conditions; this fact, together with high test repetition rate, results in a global improved accuracy of the data acquired.
Moreover, a special injector holder has been designed specifically for this work: this device maintains the injector in direct contact with a liquid flowing at controlled temperature. The liquid temperature is controlled by means of a PID system able to feed the liquid at temperatures ranging from 15 to 90°C. In order to study the relationship between the coolant temperature and the temperature of the injected fuel a special injector dummy has been employed: this tool has exactly the same shape as the injector used in the test but it is equipped with a thermocouple that can be located all along the injector axis up to be in contact with the nozzle tip.
Experimental methodology
A preliminary test has been done to evaluate the relationship between the temperature of the fuel in the sac and the temperature of the coolant . 
Injector temperature measurements
The relationship between coolant temperature and fuel temperature has been studied using a "dummy" injector with a thermo-couple introduced inside down to the sac. In this work is defined as the set-point of the PID controlling the coolant temperature, which practically coincides with the coolant temperature at the injector holder inlet.
The dummy injector is the same injector type as the one used in the other tests performed in this work, but with some modifications: the orifice has not been drilled in the nozzle, a hole has been drilled axially in the needle and the upstream part has been adapted to insert a thin thermocouple. The thermocouple can slide all along the injector axis until getting in contact with the very tip of the internal region of the nozzle (the sac). A scheme of the injector "dummy" is represented in Figure 2 . Even if this device is not able to inject fuel, it can provide important information about the temperature inside the injector body. Moreover, the fuel flow, occurring during the tests with the real injector it is considered to have just a minor impact over the injector temperature, and the fuel temperature will be mainly driven by the temperature of the injector. This is justified by the fact that the tests are performed at low repetition rate (0.3 Hz) and the maximum fuel mass per injection is less than 10 mg: the fuel travel for a relatively long time inside the injector and therefore the heat exchanged between the injector and the fuel flow is consider to have a minor influence on injector temperature. The temperature measurements performed, are considered not only a qualitative measurement but also a good approximation of the real temperature of the injector body at the moment of the injection.
In this preliminary test, the temperature has been measured along the injector axis for the three different coolant temperatures employed in the test matrix. In order to take in account also the effect of the chamber temperature the measurements have been repeated for the two cases studied in the test matrix (820 K and 900 K). The temperature has been measured in different position: moving along the injector axis, and considering the distance x as the distance between the thermocouple junction and the injector tip, the temperature has been measured for x spanning from 0 (thermocouple touching the injector tip) to 35 mm.
Liquid phase penetration through Mie scattering
The liquid phase penetration or liquid length (LL) is a measurement commonly performed to characterize the mixing process of the Diesel spray [5] ; a simple definition of the liquid length can be given as the distance that the injected fuel has to penetrate in the chamber until its complete evaporation. In several studies on liquid phase penetration available in the literature [1] [5] [14] , the dependence of the liquid length upon different parameters such as ambient temperature, ambient density, injection pressure, nozzle diameter and fuel type can be found. To predict the variation of the liquid length, researchers have also developed theories basing on physical hypothesis, like the model developed by Siebers [16] or the one proposed by Desantes [17] : both of them are based on the hypothesis of mixing-limited vaporization and with relatively simple calculations they are able to predict in accurate way the experimental results. The aforesaid models are interesting for the purpose of this work because they permit drawing a comparison with the tendencies experimentally observed. More details about the models will be given in the next sections.
The technique chosen for visualizing the liquid-phase penetration is Mie scattering with frontal illumination.
A sketch of the optical set-up is depicted in Figure 3 ; a high speed CMOS camera (Photron Fastcam) fitted with a 70 mm f/2.8 lens has been employed to acquire images of the injection event. The region of the spray has been illuminated by a continuous Xenon-arc lamp and the light scattered by the liquid droplets has been collected by the camera.
In the literature several approaches for image segmentation can be found [15] ; in this case the methodology described by Siebers in [16] has been used. This method consists in subtracting the background and taking a threshold of 3% of the maximum digital level observed in the core of the spray.
This method has proved to be sensible and robust enough for different optical settings and experimental conditions.
Stationary lift-off length through OH chemiluminescence
The flame lift-off length (LOL) of Diesel fuel sprays is usually defined as the distance from the injector orifice outlet to the reaction zone stabilization after the time of auto-ignition [18] [19] [20] [18] . This characteristic length of the flame is known to have a significant effect on Diesel combustion [1] because it is strongly related to the flame temperature and the amount of soot produced during the combustion [20] .
In this study the effect of the injection parameters together with the effect of the coolant liquid temperature on the lift-off length have been observed.
As shown by Dec in [21] , OH chemiluminescence is an excellent marker of the high temperature chemical reaction taking place in Diesel spray combustion and many authors have used this method to measure LOL as long as this zone of the flame is characterized by high chemical activity.
Chemiluminescence is a chemical phenomenon consisting in a light emission due to the decay of a molecule from an exited state OH * to a lower energy level OH. OH-chemiluminescence has a well defined spectrum that permits identifying the emitting molecule [22] . The spectrum of the light emitted by OH * decay has its most important peak at 306 nm: to catch this light emission a 310 ± 5 nm interferometric filter has been used. Using this filter allow to visualize OH emissions excluding nearly the totality of the soot incandescence radiation, that at higher wavelengths are normally order of magnitudes over chemiluminescence radiations.
In these measurements an Andor ICCD camera (iStar) fitted with an 100 mm f/2.8 UV lens has been employed. The camera intensifier has been set to its maximum gain value and 0.1 ms gate time. The camera trigger has been synchronized to shutter at 3 ms after the start of the injector energizing (Time ASOE) (corresponding roughly to 2.7 ms after the start of injection (Time ASOI)) in order to observe the stabilized lift-off length. The scheme of the optical layout is represented in Figure 4 : Experimental lay-out employed for OH radical visualization .
To determine the position of the LOL in a coherent way at the different test conditions, the methodology described by Siebers in [18] has been followed. This approach calculates the digital level threshold scaling the intensity observed in the reacting area and considers separately the two characteristics lobes upstream the flame; the distance calculated for each lobe before is then averaged to have one single LOL value for each image: this method has demonstrated to be robust to the different test conditions and to Payri, R., García-Oliver, J. M., Bardi, M., & Manin, J. (2012). Fuel temperature influence on diesel sprays in inert and reacting conditions. Applied Thermal Engineering, 35, [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] 7 have low sensibility to changes in camera setting. The image is divided in two parts along the injector axis.
For each half-image the maximum digital level of each x coordinate is calculated (see Figure 5) ; the curves obtained are characterized by a sharp rise followed by a nearly flat zone. The threshold is obtained dividing by two the digital level reached in this part of the flame, normally called leveling value; finally the LOL for each image is obtained as the mean of the LOL calculated in the two halves of the image.
Ignition delay through CH chemiluminescence
The natural emission of light of the * radicals has been studied using the methodology described in [14] . From the studies of Dec and Espey [23] about chemiluminescence in diesel flames it has been shown that CH is an excellent marker for the characterization of the Diesel combustion. Its timing and location can give precious information on combustion understanding. In their experiments, CH chemiluminescence appeared to be the fair witness of autoignition. Even if some isolated spots could be detected earlier, the brighter homogeneous chemiluminescence of CH would match the first heat release, where heat release curve attains its minimum due to heat loss from fuel evaporation. This chemiluminescence develops uniformly in the rich leading portion of the Diesel fuel jet. The combustion process ensues with fuel breakdown following the first significant heat release and an eventual first soot formation occurring on the peak of premixed flame. This chemiluminescence lasts in rich areas of the jet during the whole combustion event but it is soon hidden by this early soot radiation that is about 3 orders of magnitude brighter.
Following this methodology an intensified camera has been employed in the same optical configuration employed for the OH chemiliminescence but this time the camera has been fitted with a 450 nm bandpass interference filter. To study the rise of the * emission, the synchronization of the camera has been changed in order to study the time evolution of the combustion event. A time-sweep has been performed to record the first part of the combustion event with 20 µs time step and 5 repetitions per time step.
To process the images obtained in this test, the maximum luminosity of each image have been evaluated calculating the percentile at 99.9% of the digital level of the pixels for each image: an average value of the percentile has been calculated for each time step of the time sweep and the time evolution of this parameter (from now on called . % ) has been obtained. The ignition delay has been calculated as the first instant when . % is above the experimental noise.
Results
In this section the results obtained in the different tests are shown together with a description of the technique used to present them.
Injector temperature measurements
The temperature inside the injector has been measured while the rig was running and the temperature values have been acquired continuously by a data-logger. To present the results, the values obtained in each test condition have been averaged along one minute. In Figure 6 , the horizontal dashed line indicates while the temperature along the injector axis measured in the different condition is depicted in continuous line.
The temperature measurements performed inside the injector body have shown that there is a strict relationship between the coolant and the injector tip temperature. In fact the variations in coolant temperature are reflected in nearly the same proportion at the nozzle tip that is in contact with the high temperature gas within the test chamber.
Considering the small quantity of fuel injected (less than 10 mg per injection) and the low test frequency (0.3 Hz), the fuel flow through the injector is considered to have low influence on injector temperature: for this reason the temperature measurements performed in this test are considered a good approximation of the real temperature of the injector body at the moment of the injection.
Geometrical calculations matched with mass flow rate measurements, have shown that the volume of fuel injected during one injection event is contained in all the cases between 0 and 3 mm from the injector tip:
considering the relatively long time between two injections (about 3.3 s) and the small quantity of fuel injected, we can assume that the temperature of the fuel injected is equal to the average temperature measured between 0 and 3 mm from the injector tip. This consideration will be used later on for the analysis of the LL and LOL results; from now on, the temperature of the injected fuel will be considered equal to the average injector temperature measured in the first 3 mm from the tip and it will be referred as .
It is important to notice that also the chamber temperature has an effect on the tip temperature: it means that maintaining a constant coolant temperature is not enough to control fuel temperature; this fact, if not considered, can lead to confuse the effect of the ambient temperature with the fuel temperature. The effect of ambient density on the injector temperature has also been studied, but its effect appeared to be low in the range of conditions tested. The estimated for all the conditions tested is reported in Table 2 .
Liquid phase penetration
The time-resolved LL evolution obtained for three different coolant temperatures is shown in Figure 7 for one sample test condition (T g = 900 K, ρ g = 15.2 kg/m 3 and p r = 150 MPa). The LL curve can be divided in two parts: the first part is characterized by fast penetration rate, where the three cases do not present any revealing difference; the second part where liquid spray penetration stabilizes at a nearly constant value.
In this second part of the injection event, it is evident that the temperature of the coolant fluid influences in a substantial way on the liquid length penetration. In particular, it is clear that a higher temperature of the coolant causes the liquid length to decrease. This fact seems to be logical, if we consider that if the injected fuel is hotter when it enters in the chamber, the heat it needs to evaporate is lower and then, it evaporates faster. In order to have a representative value of LL, for each test condition, a mean value of LL has been defined, LL m , that is the average of the values measured in the interval from 2800 to 3200 µs after start of injection. In Figure 7 , the time window employed for the LL averaging is represented.
In Figure 8 , and Figure 9 the effect of the different test conditions is shown by plotting the LL m as function of ambient density, ambient temperature and injection pressure for the three different Tf. The standard deviation obtained for the fifteen repetitions performed per each test is always between 0.1-0.8 mm.
Lift-off length
In Figure 10 and Figure 11 , the LOL measurements performed in the tests are depicted. The points indicate the average of fifteen repetitions. To ease the understanding of the results, the experimental standard deviation has been plotted together with the mean value. The parameters which affect LOL the most are ambient temperature and ambient density; injection pressure impact is more significant than in the case of liquid length because LOL is strictly related with fuel velocity at the orifice outlet (this issue will be discussed later). Fuel temperature in this case has only a secondary effect and in some case is below the experimental uncertainty; however the general trend is a small decrease in LOL when is increased.
Comparing the results of LOL with LL measurements it can be noticed that LOL is always longer than LL measured in the same test conditions: this fact means that there is no interaction between combustion and evaporating process.
Ignition delay
As commented above, images of CH* chemiluminescence have been processed by analyzing the 99.9%
digital level percentile of all the pixels of each image. In Figure 12 , the evolution of the percentile calculated for the images captured during the first part of the combustion has been plotted. The shape of these curves is characterized by a first small hill, followed by a steep increase. The first hill is probably linked to the first premixed combustion that characterizes Diesel flame. After this, soot emissions rise and cover the CH* chemiluminescence emissions, leading the camera sensor to saturate.
The first "hill" appears to be dependent on injection pressure: the higher the injection pressure, the higher the peak value. This fact is in accordance with the previous hypothesis: fuel mass injected during the ignition delay at higher injection pressure is higher and this should result in an increase of the combustion during the premixed flame.
In this study the Ignition delay, has been defined as the first instant in which the percentile calculated is above the experimental noise. With this criterion, the ignition delay has been calculated for all the test conditions. In Figure 13 and Figure 14 , the ignition delay has been plotted respectively versus the ambient density and injection pressure.
High temperature and high pressure as seen in LOL results enhance the combustion process reducing the lift off length: this fact is also reflected in the ignition delay. Increasing ambient temperature and ambient density ignition delay decreases significantly. Injection pressure has only a secondary effect, but still it is evident how increasing injection pressure the ignition delay becomes shorter. Ignition delay shows even lower sensitivity to : the overall trend observed, is a slight decrease in ignition delay when is increased.
Discussion

Liquid phase penetration
The average liquid phase penetration (LL m ) measured in the tests, shows all the general trends normally observed in the literature [1] . In this study, the theoretical model developed by Desantes et al. [24] , is used as a reference. The model is specific for direct injection diesel spray, characterized by high injection pressure (over 40 MPa) and small outlet orifice (less than 0.2 mm) and it is based on the hypothesis of mixing controlled vaporization: in other words, the heat exchange between entrained air and fuel droplets is so fast that is considered to be infinite, and the fuel evaporation is solved as a quasi-steady energy balance between fuel and entrained air. In this way, liquid penetration is calculated as the location where the energy supplied by the entrained air, is enough to vaporize all the fuel. This balance corresponds to a specific fuel mass fraction named Y f,evap . The equation describing the liquid length has been derived by previous studies concerning the spray mixing theory developed in [16] [17] . LL is then analytically described as below:
Where d o is the orifice diameter, f  and amb  are the fuel and air density and is the area coefficient. K is a constant depending on the spreading angle:
The last term in equation (1), takes into account the energy needed for the fuel evaporation and physically is the fuel-air mass fraction at which all the fuel is vaporized. Y f,evap can also be written as function of variation of the specific enthalpy of the fuel and of the air. The expression considering the initial condition (T f and T amb ) and the equilibrium temperature of evaporation (T evap ) can be written as below Concerning the influence of the injector temperature two important conclusions can be drawn: first, the effect of the temperature of the injector coolant on LL is evident: in fact, the same tendency is observed in each test condition. Moreover, its influence on liquid length is up to 15 % from case Tf = 15 °C to case Tf = 70 °C Thus, if the aim of the experiment is to give quantitative results to be used for modeling, controlling this parameter is fundamental.
In order to have a quantitative evaluation of the trend observed, the model described above has been employed; the effects of the ambient density and fuel temperature have been compared to model predictions. In order to study the influence of ambient density, the relationship between cone angle , and should be known. Semi-empirical scaling law for the cone angle prediction can be found in the literature [25] [26] [27] , but the results obtained seems to depend strongly on the imaging technique employed and the criterion used for the angle calculation. In conclusion, these equations are not able to predict accurately the cone angle without a calibration with experimental data. However, the impact of the Payri, R., García-Oliver, J. M., Bardi, M., & Manin, J. (2012). Fuel temperature influence on diesel sprays in inert and reacting conditions. Applied Thermal Engineering, 35, [185] [186] [187] [188] [189] [190] [191] [192] [193] [194] [195] 13 ratio of the densities (ambient gases and fuel) has been observed by several and the following proportionality can be written:
On the other hand, the exponent varies in a relatively wide range ( 0.18 0.50). As explained before, the spreading angle is related to ambient and fuel density (and thus, fuel temperature), but specific measurements are required to adjust exponent . In this case, as values of the spreading angle are not available, the model has been tuned adjusting input parameter , to match the experimental result only for a reference case ( 900 , 22.8 , 343 , 150 ); for different the cone angle used has not been changed. As expected, in the comparison depicted in Figure 15 , the model, as consequence in not considering variations in cone angle, clearly under-predicts the effect of ambient density on LL. However, it can be noticed that the variations predicted are about half the variations experimentally observed: one possible interpretation of this result, is that the variation in LL due to the ambient density is balanced between the changes in the thermodynamic characteristics of the air entrained in the spray and changes of the spray shape.
The influence of experimentally observed has been compared with model predictions, tuning the model at three different ambient density at 900 K and then, comparing experimental data and predictions at 820 K. The comparison shows very good agreement between experimental and theoretic predictions.
As in the previous case, the effect of observed, is compared with model predictions. In equation 2 can be seen how fuel temperature appears in the law: it is important to notice that the effect of is just linked with the starting enthalpy of the fuel and thus to the amount of air to be entrained for the evaporation of the spray. To exclude all the other deviation between the model and experimental results, the model has been tuned to the experimental datum of liquid length at T c = 343 K for each test condition and only the tendency regarding the fuel temperature has been investigated. In Figure 16 . One other insight can be found in equation (3): depends upon the fuel density . Following this reasoning increasing in fuel temperature causes the spray cone angle to decrease and then, LL to increase.
Finally, with the aim of giving a quantitative description of the trends experimentally observed a statistical analysis on the parameter varied in the test matrix, has been performed; a regression to the data has been done using the equation below:
All the exponents in equation (5) has been adjusted to have the best fit to the experimental data. The fuel density used for the calculation has been obtained from the NIST database considering backpressure and fuel temperature; the temperature of the fuel at the orifice outlet , as mentioned above, has been considered to coincide with the average injector temperature measured in the first 3 mm from the injector tip in the correspondent test conditions. In this way, the changes in in the test matrix due to changes in fuel temperature, have been taken into account. Finally, the statistical parameter 2 R has been calculated and the results are shown in Table 3 .
The high value obtained for the statistical parameter R 2 suggests a high precision of the experiment due to both the test rig and the diagnostic applied. Moreover, it is interesting to observe that there is, in general, good agreement between the theoretical and the best-fit exponent, calculated for and .
Lift-off length
The results obtained indicate that the parameters mainly affecting LOL are the ambient temperature, ambient density and injection pressure. As seen in previous works [1] [4][18] [19] , an increase in ambient temperature or gas density causes a decrease in LOL; on the other hand an increase in injection pressure cause longer LOL: this fact can be explained using two different approaches:
 Considering the gas-jet theory describe by Peters in [20] , the lift-off is considered as the distance from the tip where there is equivalence between the velocity of the fuel jet, and the flame front speed. Using this approach an increase in injection pressure affects the LOL because the increase in fuel velocity moves forward this equilibrium distance.
 Another approach to consider LOL has been discussed by Pickett and coworkers in [31] . In this work, LOL is related with ignition delay, and it is described by the Arrhenius-type law. Thus, the Lift-off length is considered as the distance that the fuel travels before the high temperature reactions start. At higher injection pressure during ignition delay, the fuel will travel more distance, and consequently lift-off length will result longer.
In both the approaches, as discussed for liquid length, the heat exchange between droplets and entrained air is considered to be infinite and the problem is solved as a quasi-steady energy balance between fuel and entrained air.
In order to compare the effect of the parameters observed, with what is described with the theory, a comparison with the prediction of the scaling law derived by Peters has been drawn. The scaling law is based on the hypothesis of gas jet behavior of the Diesel spray and it is described in [17] . Peters reviewed much of the experimental gas-jet flame lift-off investigations and analytically derived a scaling law for liftoff length that is in agreement with the experimental trends observed for gas-jets. The scaling law was derived observing that the lift-off length stabilizes in a thin region very close to the stoichiometric contour, and making the hypothesis that the Damköhler number is of order of one at the stabilization location, that means that the local flame reaction rate is comparable to the local mixing rate; this law has shown to predict reasonably the Diesel flame behavior also in other works like in the Lift-off length characterization carried out by Siebers in [18] . The scaling law proposed by Peters is reported in equation (6):
Where u eff is the effective velocity at the exit of the orifice, Z st the stoichiometric fuel mixture fraction, D is the thermal diffusivity and s L (Z st ) is the laminar flame speed at stoichiometric fuel-air mixture.
s L (Z st ) for hydrocarbons has an analytic expression usually of the form:
Where and are the temperature and the pressure of the air-fuel mixture and is the laminar flame speed at reference thermo-dynamic conditions ( = 298 K and = 1 atm). The exponents α and β are dependent on the hydrocarbon properties. However the variation of these coefficients is limited, and as long as they are not available in the case of n-dodecane, following the approach used by Siebers in [18] the following coefficients have been employed: α = 2,1 and β = -0,36.
Substituting equation (2) in equation (1) and considering the dependence upon temperature and ambient density of the thermal diffusivity of a gas the scaling law can be written like below:
Following the same approach, mix T will be considered equal to the ambient temperature. The analysis has been performed in two cases: in case I the exponent provided by the theory has been used. In case II the exponent will be adjusted in order to have the best fit to the experimental data. Moreover, to take into account the effect of in , was analyzed as a separate term in equation 8. Equation 8 is re-written in the form below:
The effective velocity is dependent on the pressure drop across the orifice and it is obtained experimentally, in the same way as the area coefficient a C mentioned before, in the hydraulic characterization of the injector.
The results presented in Table 4 show a reasonable agreement between theory and experimental results for the dependence of temperature and ambient density. The exponent obtained for ambient density and ambient temperature are reasonably close. The dependence on the effective velocity is quite different (0,52 instead of the theoretical value 1). A possible reason can be linked to a variation of the angle increasing the injection pressure; this would also be consistent with the reduction in liquid length observed while increasing the injection pressure. Also in this case, the high value of the R 2 obtained with the best fit remarks the precision of the test rig and the robustness of the diagnostic applied.
Focusing on the influence of the coolant temperature LOL, the results shows only a slight dependence and in most of the cases is of the same magnitude of the standard deviation. However, also if the effect is very low, this tendency can be explained through the non-premixed gas-jet theory by Peters mentioned before. In fact, the hypothesis of equality between the mixture temperature mix T and ambient temperature amb T does not consider the effect that the fuel has on the mixture. In order to relate the effect of the fuel temperature on the mixture temperature, the energy balance between the liquid fuel and the hot gas in the chamber has been resolved. In the same way as before, considering the fuel temperature to be the equal to the tip temperature measured with the injector dummy, and considering the adiabatic gas-fuel mixing, 
Ignition delay
Ignition delay results obtained by means of chemiluminescence, have shown good coherence in the entire test matrix. Also in this case, results appear to be qualitatively logical: the temperature and the ambient density have the effect to reduce the ignition delay. A weak dependence on injection pressure can be appreciated, too. In this case, the influence of the fuel temperature cannot be observed clearly, and the eventual effect is covered by the experimental incertitude.
In the literature, lots of authors has described the ignition delay by means of empirical correlation. A review of them has been presented by Heywood [32] and Ramos [7] . Some authors like Stringer [33] this effect has been taken into account in the equation derived by Pischinger that in [35] . The equation is reported below:
Where  is the ignition delay, back P is the pressure in the combustion chamber, 
The results obtained in the regression have been compared as reference to the coefficient obtained in a similar study in [4] [1]. The results of the analysis are shown in Table 5 . It has to be noticed that the 2 R calculated in the regression presents an important discrepancy: this fact is not surprising as long the parameter A is dependent also on the activation energy that is dependent on the fuel employed and in [3] [4][1] a different fuel has been used (Repsol CEC RF-06-99 instead of n-dodecane). Apart from this difference, it is important to note that keeping the other coefficient and adjusting the dependence on the fuel temperature, the R 2 found is very high (98,8%). This means that, despite the experimental incertitude, the effect of fuel temperature on the ignition delay is captured by the statistical analysis. However, the overall impact of on ignition delay is low (about 1%, depending on the test conditions): following the same line of argument used for LOL, in the region where the combustion starts the fuel air ratio is lower than at the LL distance: for this reason the temperature of the fuel has a lower weight on the thermodynamic conditions determining the combustion timing and thus on ignition delay.
Conclusions
A parametrical study on the liquid phase penetration, lift off length and ignition delay has been carried out in a novel high temperature high pressure test rig. The parametrical study included variation in ambient temperature, ambient density, injection pressure and a specific study on the sensibility of the measurements to the fuel temperature. The study has been carried out with a mono-orifice 90 µm diameter nozzle injector using a mono-component fuel (n-dodecane). The test conditions employed are typical of Diesel engines using moderate level of EGR.  The consistency between the data obtained in these tests with the data found in the literature suggests that the novel combustion vessel, with higher repetition rate than other facilities (100 times more than a constant volume combustion vessel) and high flexibility in the test conditions is a powerful tool for future research on Diesel spray.
 The effect of the fuel temperature is substantial on liquid length (up to 15%), and very low but still appreciable on LOL and ignition delay.  Future works should be addressed to the understanding of eventual fuel temperature variation taking place during the expansion in the orifice: the authors consider that the fuel expansion (the fuel cannot be considered incompressible at pressures over 100 MPa) and the fluid friction with the orifice's walls can cause further variation in the fuel temperature. Tables   Table 1: Test conditions summary 1 The injector temperature T f = 343 K has been used only in liquid length tests 2 The ambient density T g = 7.6 kg/m 3 been used only in liquid length tests 3 The 0% O2 concentration has been employed in liquid length test and 15% in the lift-off length test Table 2 : Fuel temperature estimated for all the conditions tested. The temperature has been obtained averaging the temperature of the injector measured in the first 3 mm from the injector tip Table 3 : Exponents obtained by the regression with equation (4) to LL results. Together with the data is reported also the value of the R 2 calculated Table 4 : Exponents obtained by the regression with equation (8) to LOL results. Together with the data is reported also the value of the R 2 calculated Payri, R. in inert a Table 1 
